A simple, sensitive and reliable method for the separation, preconcentration and determination of ultra trace amounts of chromium species has been developed. Chromium(VI) in aqueous sample was reacted with 9-phenyl-2,3,7-trihydroxy-6-fluorone to produce a chelate at pH of 5.0 and extracted onto the magnetic nanoparticles coated with the ionic liquid 1-hexadecyl-3-methylimidazolium bromide. The trapped analyte was back extracted using 350 µL of nitric acid solution (2 mol L -1 ) and was determined by electrothermal atomic absorption spectrometry. Total chromium was determined by oxidizing Cr III to Cr VI using KMnO 4 in acidic media. Under the optimum conditions, the method exhibited a linear dynamic range of 0.01-0.50 µg L -1 with an enhancement factor of 112 and a detection limit of 0.003 µg L -1 for Cr VI . The coefficient of variation (n = 6) at 0.3 µg L -1 concentration level of Cr VI was 3.2%.
Introduction
The toxicity, reactivity and biological properties of chromium depend on its chemical form. Chromium is found in two most stable oxidation states of Cr III and Cr
VI
. Cr III is considered as inevitable for the metabolism of glucose, lipid and protein in living organisms whereas Cr VI as a strong oxidizing agent, is dangerous to human health and can affect lungs, liver and kidneys. [1] [2] [3] [4] The concentration of Cr III and Cr VI in human serum of a normal healthy person is in the range of 0.52-0.66 and 0.22-0.82 µg L -1 respectively, 1 but the level of chromium in the serum of diabetic person is lower. Thus, from medical point of view, accurate and precise determination of chromium in biological sample including human serum is important. Chromium is also known as a major water pollutant. 5 The United States Environmental Protection Agency (USEPA) has set a total concentration of 0.1 mg L -1 chromium in drinking water as the maximum allowable contaminant level whereas World Health Organization (WHO) states the guideline values of 50 µg L -1 Cr VI . 6 Consequently, the development of an accurate, easy and sensitive method for the determination of chromium species in environmental waters and biological samples is an attractive task in analytical chemistry.
Various analytical techniques such as atomic absorption spectrometry (AAS), [7] [8] [9] spectrophotometry, 10 inductively coupled plasma mass spectrometry (ICP-MS), [11] [12] [13] X-ray fluorescence (XRF) spectrometry 14 and inductively coupled plasma optical emission spectrometry (ICP OES) 15 have been used for the determination of chromium in different samples. However, these methods only measure the total chromium amount. Thus, due to the presence of low level of chromium in real samples, complexity of the matrices and the importance of measurement of chromium species, a separation and preconcentration step prior to its determination is often a necessary step. Procedures reported in the literature for the speciation of chromium are generally liquid-liquid extraction (LLE), 16 solid phase extraction (SPE), [17] [18] [19] cloud point extraction (CPE), 1, 20 hollow fiber liquid phase microextraction (HF-LPME), 21 dispersive liquid-liquid microextraction (DLLME), [22] [23] [24] solidified floating organic drop microextraction (SFODME), 25 capillary electrophoresis 26 and electrochemical methods. 27 Among these methods, SPE is the widely utilized technique for the separation and preconcentration of metal ions due to its simplicity, selectivity, flexibility, low cost, safety, ease of automation and possibility of obtaining high preconcentration factor. [28] [29] [30] [31] However, the nature of sorption material plays a unique role in SPE process because it determines the analytical sensitivity, affinity, capacity and repeatability of the method. The most important sorbents used in the SPE procedures for speciation of chromium are  Ambersorb 563 resin,  17 activated carbon,  32 cellulose  5 and  TiO 2 . 33 In SPE methods, the extraction is often performed either in batch or in column modes. However, when the extraction is done in the batch mode, separation of traditional sorbent from the sample is difficult and time consuming, whereas, in column mode, the flow rate of sample through the column is limited and thus, for obtaining a high preconcentration factor (PF) the passage of large volume of sample through the column is tedious. Magnetized sorbents are promising substitute for traditional sorbents as the enrichment process can be shortened through their rapid isolation using a strong magnet. [34] [35] [36] Magnetic nanoparticles (MNPs) with the large and high surface area make it possible to obtain high PF from smaller sample volume. However, the basic disadvantage of bare MNPs is the lack of the selectivity for target analyte. To overcome this problem, magnetic nanoparticles can be modified with different organic ligands, 37 imprinted polymers 38 and surfactants. 39 Recently, ionic liquids (ILs) have attracted the analytical chemists as a new class of coating materials in SPE. 40, 41 ILs are organic salts of organic cations paired with inorganic or organic anions with melting points often less than 100 °C. The physical properties of ILs such as, viscosity, thermal stability, solvent miscibility, vapor pressure, and chemical functionality are tunable which make them a useful class of coating materials for SPE and SPME sorbents. [29] [30] [31] 42, 43 However, according to our literature survey the use of ILs for coating the nanoparticles are still in its infancy state. In 2011, Absalan et al. 44 coated MNPs with IL (1-hexyl-3-methylimidazolium bromide) and use it as the sorbent for removal of reactive red-120 and 4-(2-pyridylazo)resorcinol from aqueous samples. In 2012, Farahani et al. 30 deposited hydrophobic IL (1-hexyl-3-methylimidazoliumhexafluorop hosphate) on the surface of magnetic nanoparticles and used it for SPE of lead and cadmium. In 2013, Amjadi et al. 29 used modified IL-coated TiO 2 nanoparticles as a new solid phase extraction sorbent for preconcentration of trace nickel. In this study, the sorption/desorption possibility of Cr VI -9-phenyl-2,3,7-trihydroxy-6-fluorone complex onto the MNPs coated with 1-hexadecyl-3-methylimidazolium bromide (C 16 mimBr) IL was considered and a rapid SPE method coupled with electrothermal atomic absorption spectrometry (ETAAS) was developed for separation/ preconcentration and speciation of chromium species. Total chromium was determined after oxidation of Cr III 2 O was heated at 80 °C for 15 min. Then, 10 mL of concentrated NH 3 was added dropwise. N 2 gas was used as the protective gas in the whole experiment. After completion of the reaction, the black precipitate was collected by an external magnetic field, washed with water and ethanol and dried in oven at 80 °C.
Preparation of magnetite nanoparticles coated with ILs
Twenty five milliliter of C 16 ) and was mixed thoroughly by mechanical stirrer for 20 min. In this stage, the nanoparticles were suspended in the mixture and covered with the IL. Then, the modified MNPs were isolated by application of an external magnetic field, washed with water and dried at room temperature for 24 h. The sorbent was then used for the further studies.
Preparation of real samples
Water samples were filtered through 0.45 µm Millipore filter. Their pHs were adjusted to 5.0 and treated according to the extraction procedure given below. Frozen serum samples of the diabetic persons were provided from a hospital in Yazd. After reaching the ambient temperature, a small amount of acetonitrile was added to 5.0 mL of serum sample to precipitate the protein contents of it and centrifuged for 10.0 min at the rate of 5000 rpm. The supernatant was diluted with ultrapure water at a ratio 1:10 and was treated according to the given procedure. ) and stirred for 2 min. Finally, the sorbent was retained with the help of a magnet and the supernatant solution was transferred into the electrothermal cup. Then, 15 µL of it along with 10 µL of the Pd/Mg modifier was injected into the graphite tube of ETAAS for the quantification of analyte. 
Results and Discussion
9-Phenyl-2,3,7-trihydroxy-6-fluorone (phenylfluorone) reacts with chromium(VI) and produces a stable and sensitive 2:1 purplish red chelate at pH 4.7-6.6 ( Figure 1) . 46, 47 Phenylfluorone had been used for direct spectrophotometric determination 47 and cloud point extraction of chromium(VI). 46, 48 In the preliminary work, it was established that the chelate of Cr VI with phenylfluorone can be extracted onto the IL coated magnetic nanoparticles, while Cr III remains in aqueous phase. Then, the sorbent was characterized and an extraction system was designed. In order to obtain a high enrichment factor and appropriate situation for the speciation of chromium, different parameters affecting the chelate formation, extraction and analysis process were optimized in a univariable approach.
Characterization of the sorbent
The Fourier transform infrared spectroscopy (FTIR) spectra of C 16 mimBr IL, MNPs and MNPs modified with Vol. 27, No. 1, 2016 IL were recorded by KBr pellet method (Figure 2) . The spectra of IL shows peak at 1168, 1467 and 1575 cm -1 corresponding to C−C, C=C and C=N stretching vibrations, respectively. The same peaks with slight shift to lower wavenumbers (i.e., to 1167, 1444 and 1571 cm -1 , respectively) are observed in modified nanoparticles, indicating that the IL is coated on the magnetic nanoparticles.
The surface morphology of the magnetic nanoparticles and nanoparticles modified with IL were characterized by scanning electron microscopy (SEM) (Figure 3 ). As it is demonstrated the size of magnetic nanoparticles after modification with IL is not significantly changed and is still in dimension of nanometers.
Optimization of the SPE variables
The pH of sample solution plays an important role on the separation/preconcentration and speciation of metal ions by SPE. It has a unique role on the metal-chelate formation, its chemical stability and the lipophilicity of the chelate that must be extracted by the IL VI reaches its maximum in the pH range of 4.0-7.5. Therefore, the pH of 5.0 was selected for the subsequent works.
The effect of the concentration of chelating agent on the extraction recovery of Cr VI was investigated and , and then reaches a plateau. A phenylfluorone concentration of 2.5 × 10 -5 mol L -1 was chosen to account for the other species that might potentially interfere with Cr VI extraction through chelate formation with the ligand.
The contact time between modified MNPs and chromium chelate has an obvious effect on the performance of extraction processes. Experiments revealed that the extraction recovery of Cr VI increases with an increase in the extraction time from 3.0 to 15.0 min, and then remained constant by further increase in the extraction time. Therefore, an extraction time of 15.0 min was selected for the subsequent experiments.
It is well known that the convection induced by stirring of the sample causes fast mass transfer to occur. Thus, a fast equilibrium between the sample solution and modified MNPs can be attained by proper stirring of the solution. The effect of stirring rate was investigated in the range of 300-1200 rpm. It was observed that, 1000 rpm was sufficient to achieve a quantitative extraction of the analyte in 15.0 min.
The type, concentration and volume of the desorbing solution have a considerable effect on the extraction efficiency. The eluent must be capable of complete desorption of analyte in minimum volume in a short time and it must not interfere in the measurement of analyte. The possibility of desorption of chromium complex by 500 µL of different eluent including nitric acid, hydrochloric acid and acetic acid all at a concentration of 2.0 mol L -1 was considered. It was found that nitric acid has the maximum capability in desorbing the analyte, whereas, the recoveries with hydrochloric acid and acetic acid were about 60% and 40% of that of nitric acid, respectively. The effect of nitric acid concentration in the range of 0.5-5.0 mol L -1 on the recovery was then studied. The results implied that the extraction recovery increased with an increase in nitric acid concentration up to 2.0 mol L -1 and then remained constant at higher concentrations. Therefore, nitric acid with a concentration of 2.0 mol L -1 was chosen as the desorbing solution for the subsequent studies. Furthermore, the influence of the volume of nitric acid on the recovery of Cr VI was studied by varying its volume in the range of 100-500 µL. The results demonstrated that chromium was quantitatively desorbed from modified MNPs in volumes of 350 µL and larger. For achieving high enrichment factor, the smaller volume of eluent in which the recovery was quantitative (350 µL) was chosen.
The effect of desorption time was also evaluated by varying desorption time between 0.5 and 10.0 min. It was found that desorption of analyte from the sorbent is relatively fast and 2.0 min stirring was sufficient for the quantitative recovery of the analyte.
The recovery values for chromium were dependent on the mass of the sorbent. The recovery increased by an increase in sorbent mass up to 10 mg and then remained constant and quantitative by further increase in amount of the sorbent. A mass of 15 mg of the sorbent was selected as the optimum amount for the further studies.
The effect of ionic strength on the extraction (or stripping or removing) of chromium complex from the modified MNPs sorbent was investigated by varying the NaCl concentration between 0.0-1.0 mol L -1 . The results proved that the extraction efficiency is independent of the salt concentration. Thus, the method can be applied for quantitative separation and preconcentration of chromium from saline solutions. Further studies were done without salt addition.
Demonstrating the capability of the extraction system in obtaining high preconcentration factor is an important aspect of method development as it shows the possibilities of recovery of analyte from a large sample volume. An increase in the ratio of the volume of the aqueous phase to the eluent will increase the preconcentration factor but it may reduce the extraction efficiency. In order to study the effect of the sample volume on the extraction efficiency, 12 ng of Cr VI was extracted from different volumes of solution (10-60 mL) under constant the other experiment conditions. The results showed that the recovery was quantitative up to 40 mL of the sample and then decreased with further increase in sample volume. Thus, based on the volume of desorbing solution (350 µL) and the maximum sample volume that the extraction was quantitative (40 mL) a preconcentration factor of 114 was determined.
Sorbent capacity
The pH of sample solution (20 mg L -1 Cr VI , 40 mL) was adjusted to 5.0. 2.0 mL of phenylfluorone and 50 mg of modified MNPs were added. Then, the mixture was stirred for 120 min and after collection of the sorbent by applying an external magnetic field the amount of chromium on the supernatant solution was determined by flame atomic absorption spectroscopy. The amount of chromium retained by the sorbent was determined from the difference of the concentration of chromium in the initial and final solutions. The capacity of the sorbent was found to be 11.5 mg g -1 .
Effect of foreign ions
The selectivity of developed SPE method for extraction and determination of chromium was demonstrated by studying the possibility of the effect of common interfering ions usually present in water and biological samples. For this purpose, 40 mL of the solution of 0.30 mg L -1 Cr VI and various amounts of interfering ions was preconcentrated and analyzed according to the recommended procedure. The tolerance limit of the coexisting ions was defined as the largest amount that make a variation of less than 5% in the recovery of the analyte. The results of these studies ( 
Analytical figures of merit
In the optimum conditions, a calibration graph was constructed for Cr VI by preconcentrating of several standard solutions according to the recommended procedure. The linear concentration range was found to be 0.01-0.50 µg L ). The limits of detection (LOD) and quantification (LOQ) defined as 3 S b /m and 10 S b /m (where S b is the standard deviation of the blank and m is the slope of the calibration graph) were 0.003 and 0.01 µg L -1 , respectively. The precision of proposed method was evaluated by subjecting a series of six solutions containing 0.3 µg L -1 Cr VI to the extraction and measurement process at same day. The coefficient of variation (CV, %) was found to be 3.2%. The enhancement factor defined as the slope ratio of two calibration curves with and without preconcentration was found to be 112. The closeness of enhancement and preconcentration factor to each other indicate that the extraction is quantitative (about 98% completed).
Application
To check the reliability of the proposed method for speciation of chromium, the method was applied to the Table 3 . As it can be seen, the recoveries of added chromium species are good. Thus, the procedure is reliable and accurate for the analysis of chromium species at trace levels in water samples. Furthermore, the procedure was also applied to determination of chromium in a certified reference river water sample SLRS-1 with chromium concentration 0.36 ± 0.03 µg L -1 .
The concentration of chromium in this sample was found to be 0.35 ± 0.02 µg L -1 . Thus at 95% confidence level there is no significant difference between the obtained value and the accepted one. Thus, the procedure is reliable for analysis of chromium in the sample types studied.
Comparison with other methods Table 4 compares figures of merit of the developed method with some other SPE methods reported for the separation, preconcentration and determination of chromium species. As can be seen the LOD of the proposed method is lower or comparable and its enhancement factor is higher than the rest of methods in the Table 4 . 
Conclusions
Magnetic nanoparticles modified by IL combined with ETAAS using phenylfluorone as the chelating agent can be applied for the speciation of ultratrace amounts of chromium ions in different water and human serum samples. In comparison with other reported SPE methods (Table 4) , the developed method has higher preconcentration factor and lower detection limit. The method also has the advantages of simplicity, rapidity, selectivity, and relatively low cost. Furthermore, it avoids the time consuming column passing and filtration operation using an external magnetic field for the separation of MNPs from the aqueous phase. However, the drawback of this sorbent is the impossibility of reusing the nanoparticles as desorption process may hurt the stability of IL on Fe 3 O 4 nanoparticles or dissolve the nanoparticles.
